Abstract -This research demonstrates the development of reliable multi-component methods for the detection of antibiotic residues in environmental biota. The efficiency of analytical performance of ultra high performance liquid chromatography (UHPLC) techniques with triple quadrupole (QqQ-MS/MS) and Orbitrap high-resolution mass spectrometry (Orbitrap-HRMS) detectors is discussed. Antibiotic residues in biota samples collected in Latvia were analysed. The contamination status was determined as rather low within acceptable levels set by the European Union Regulations.
I. INTRODUCTION
Human and veterinary drugs have been continually released into the environment mainly as a result of manufacturing processes, improper disposal or metabolic excretion [1] . Antibiotics have received a special attention among pharmaceuticals for their increased application in human therapy, aquaculture and livestock agriculture [2] , [3] . The maximum acceptable residue levels (MRLs) for antibiotics in foodstuff are determined in the European Union by the Commission Regulation No. 10/370 [4] . The variety of multiclass compounds distributed in aquatic systems has tendency to increase causing issues of bacterial resistance [5] .
Several techniques have been proposed for the analysis of antibiotics that include microbial assays [6] , capillary electrophoresis [7] , liquid chromatography with fluorescence [8] , ultraviolet or diode array [9] and mass spectrometric (MS) [10] - [12] detection. The technique based on the tandem triple quadrupole mass spectrometry (QqQ-MS/MS) is the most used technique for multi-component analysis of contaminants in foodstuff and environmental samples where fish play a major role as biomarkers of biota pollution [13] - [15] .
High-resolution mass spectrometry (HRMS) based on Orbitrap technology has been shown lately to be a promising approach for routine screening and confirmation of antibiotics residues in products of animal origin; it has exhibited a good performance in multi-contaminant analysis in environmental samples [16] - [18] .
The present study is dedicated to the development of a sensitive Orbitrap high-resolution mass spectrometric (UHPLC-Orbitrap-HRMS) method for assessment of antibiotic residues in environmental biota. Samples of fish were used as indicators of contamination. The detection performance of Orbitrap-HRMS and optimized tandem quadrupole mass spectrometry QqQ-MS/MS technique were evaluated within validation studies of accuracy, repeatability and reproducibility of both methods at 50 % of MRLs (maximum residue limits) set in the European Union.
II. MATERIALS AND METHODS

A. Reagents and Chemicals
HPLC grade acetonitrile and methanol were obtained from Merck-Millipore (Darmstadt, Germany). ACS grade formic acid (≥ 96.0 %) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water was generated by a MilliQ™ system (Billerica, MA, USA). Disposable Ultrafree®-MC centrifugal filters (0.22 µm) were obtained from Merck Millipore. Phree™ phospholipid removal tubes (1 mL), were purchased from Phenomenex (Torrance, CA, USA).
Standards of 23 compounds from several antibiotic groups such as macrolides (erythromycin, josamycide, lincomycin, spiramycine, tylosin), penicillins (ampicillin, cloxacillin, dicloxacillin, oxacillin), sulfonamides (sulfachloropyridazine, sulfadimethoxine, sulfadimidine, sulfamethizole, sulfathiazole), tetracyclines (doxycycline, oxytetracycline, tetracycline), and quinolones (ciprofloxacin, difloxacin, enrofloxacin, flumequine and nalidixic acid) were purchased from Sigma-Aldrich (St. Louis, MO, USA), but danofloxacin, marbofloxacin and chlortetracycline were obtained from Dr. Ehrenstorfer (Augsburg, Germany).
Individual 1 mg·mL −1 stock solutions of each analyte in methanol were prepared and stored at −18 °C. The mix of working standard solutions of all antibiotics in methanol at 10 µg·mL −1 concentration was prepared and stored at −18 °C up to one month. Further diluted working standard solutions were prepared in methanol at concentration ratios according to the MRLs in fish muscle [4] . The working solutions were used for spiking of blank samples and stored at +4 °C for a month.
B. Sample Preparation
Each homogenized sample (2 g) was weighed into a 15 mL polypropylene centrifuge tube. Calibration and quality control samples were fortified with the appropriate volumes of the standard solution corresponding to 50 % of EU MRLs related to muscles of biota samples. Then acetonitrile (3 mL) was added to each sample. The samples were vigorously shaken for 20 min using an automatic shaker (Multi RS-60, BioSan, Latvia). The sample tubes were centrifuged for 15 min at 4500 rpm to separate phases using the Heraeus Multifuge 3L-R centrifuge (Thermo Fisher Scientific, USA) and the supernatant was collected and loaded for purification onto Phree™ phospholipid removal tubes (1 mL) after preconditioning with 0.5 mL of acetonitrile. The obtained extracts (2 mL) were collected into clean sample tubes and the SPE tube was washed with additional 0.3 mL of acetonitrile. The obtained combined acetonitrile extracts were evaporated to dryness under nitrogen stream at 55 °C, using a TurboVap LV concentration evaporator (Biotage, Sweden). The retained residues were eluted at a low flow-rate using 1 mL of 0.1 % formic acid solution in 10/90 % (v/v) methanol/water. The samples were filtered through 0.22 µm centrifuge filters at 3000 rpm and transferred to autosampler vials for analysis. An aliquot of 10 µl was injected into the chromatographic system.
C. UHPLC-q-Orbitrap Instrument and Conditions
An Accela 1250 UHPLC (Thermo Fisher Scientific, San Jose, CA, USA) was used for chromatographic separation of antibiotics performed on a 50 × 2.1 mm i.d., 2.6 µm Kinetex analytical column (Phenomenex, Torrance, CA, USA). The mobile phase consisting of 0.1 % formic acid in water (phase A) and 0.1 % formic acid solution in methanol (phase B) was set as follows: the initial mobile phase of 80 % A and 20 % B was held constant for 0.5 min. From 0.5 min to 5.0 min the percentage of phase B was linearly raised from 20 % to 100 % and held constant until 6.5 min. Then the percentage of phase B was decreased to 20 % by 6.6 min and was kept at this level until 10.0 min. The flow rate of the mobile phase was 0.4 mL·min −1 and the injection volume was equal to 10 µL. The column and autosampler were maintained at temperatures of 40 °C and 10 °C.
The described UHPLC system was coupled to Q Exactive™ Orbitrap-HRMS (Thermo Scientific™, USA) equipped with a heated electrospray ionisation probe (H-ESI II) operating in the positive detection mode. The following ionization parameters were applied: 3.20 kV electrospray voltage, auxiliary gas heater temperature equal to 450 °C, capillary temperature of the ESI interface equal to 270 °C, sheath gas (N2) and auxiliary (N2) gas flow rates were 50 and 10 arbitrary units (a.u.), respectively, the tube lens voltage was adjusted to 90 V, and the S-lens radio frequency level was at 50 %. The mass spectrometer was operated in the full MS -data dependent MS2 (dd-MS2) mode. This type of scanning comprises a full MS scan (the selected range was from 200 m/z to 1000 m/z and the resolution was 70,000 full width half maximum (FWHM)) with an isolation window applied, followed by a data dependent scan. External calibration of the Q Exactive mass spectrometer was performed daily over the mass range of 50 to 2000 m/z according to the guidelines provided by the instrument supplier. The principal scheme and mass equation used in the Orbitrap analyser are shown in Fig. 1 . The accurate masses for the precursor and transition ions, collision energies and the retention times for the analysed antibiotics are shown in Table I . The control of the instrument performance and data processing was performed by using Thermo Scientific Xcalibur™ and TraceFinder™ software (USA).
D. UHPLC-QqQ-MS/MS Instrument and Conditions
An Ultimate 3000 UHPLC system coupled to TSQ Quantiva™ triple quadrupole QqQ-MS/MS tandem mass spectrometer (Thermo Scientific, USA) equipped with an electrospray source was used for comparative reasons on analytical performance assessment. The separation was performed on a Phenomenex Kinetex column. The separation was achieved on the same conditions of elution system and the injection volume (10 µL). The gradient profile used for solvent B was as follows: the initial mobile phase of 90 % A and 10 % B was held constant for 4 min. The analysis of target compounds was performed by multiple reactions monitoring (MRM) in the positive detection mode. ESI-QqQ-MS/MS analysis was performed with the following parameters: vaporiser temperature -280 °C, source temperature (i.e., ion transfer tube temperature) -320 °C, ion spray voltage -5.0 kV, curtain gas nebuliser -35 psi, aux gas -15 psi and sweep gas 2 psi, respectively. The control of the instrument conditions and the data processing were performed using the TraceFinder™ software (Thermo Scientific, USA). The information about the abundant molecular ions, fragment ions and their collision energies are summarised in the Table I. 
E. Method Validation
A full validation study was performed according to the EU guidelines for the validation of screening methods [19] . For estimation of accuracy, blank and determined biota (i.e. fish muscle) samples were fortified with a mixture of antibiotics corresponding to 50 % of the MRLs set in the European Union for muscle samples representing animal origin products [4] . Ten replicate test portions were analysed on three different days in case of the elaborated UHPLC-Orbitrap-HRMS method. For estimation of method precision repeatability and reproducibility within the laboratory were calculated. The UHPLC-QqQ-MS/MS method was fully validated using alternative approach with InterVal software for in-house method validation [20] . According to the results of validation, both methods were compared mainly to confirm the reliability of the rather novel Orbitrap-HRMS based detection method developed in the research. The data of validation parameters is summarised in Table II. 
III. RESULTS AND DISCUSSION
A. Performance Studies of Detection
It was necessary to adjust the procedure for sample preparation during the initial stage of our study. The developed method for the analysis of pharmaceutical residues in biota samples included an extraction by acetonitrile at the first stage followed by purification procedure on Phree™ phospholipid removal columns. The overall procedure was rapid, rather cheap and highly effective regarding the removal of complex biological matrix compounds from samples. Thus, the application of rather novel Phree™ columns demonstrated an advantage on sample purification by affecting the reduction of the analytical background level during the detection (e.g., decreasing of matrix influence on the selectivity) in most cases. The chromatograms of determined compounds in biota samples plotted in Fig. 2 confirm good selectivity of target compounds determined in the matrix samples of obtained chromatograms. No disrupting matrix signals or background drift could be observed, thus confirming effectiveness of the selected purification procedure and high selectivity of detection technique.
Further optimisation of method was dedicated to evaluation of elution system. Methanol and acetonitrile were both assessed for their efficiency and the concentration of additional formic acid was evaluated at the volume content range from 0.1 % to 0.5 %. The results of solvent evaluation indicated that methanol provides a superior separation and sensitivity to the antibiotics compared to that of acetonitrile or a 50/50 (v/v) % mixture of both solvents. Thus, methanol was adjusted as the preferable mobile phase B of gradient profile, where the lowest evaluated concentration at 0.1 % level of formic acid was adjusted for addition to mobile phases to enhance the ionisation efficiency (e.g., minimise the ion suppression).
Two different HPLC columns (Thermo Hypersil Gold C18 and Phenomenex Kinetex C18) were compared and used during the initial elaboration of the method. The Phenomenex Kinetex column indicated a better chromatographic separation of the analytes and gave the best stability with the chosen content of the mobile phase as the column was used for analysis of real samples using the elaborated method based on Orbitrap-HRMS detection technique, which showed advantage on analysis compared to the conventional QqQ-MS/MS method on target assessment. As known, the European Commission Decision 2002/657/EC defines the following criteria for confirmation of veterinary drug residues in samples of animal origin: 4 identification points must be obtained, therefore at least two ions are required to be included in the high resolution mass spectrometric analysis. In case of QqQ-MS/MS the multi reaction mechanism of two target ions gives the confirmation of the compound. Thus, the elaborated method using dd-MS2 scanning mode in case of Orbitrap-HRMS resolves this issue by obtaining daughter ion spectra for all compounds included in the method. This quantification mode provides an unambiguous confirmation of the antibiotics in full compliance with the requirements of the EC Decision 2002/657/EC.
B. Validation Studies of Orbitrap-HRMS and QqQ-MS/MS
The developed UHPLC-QqQ-MS/MS method was fully assessed using InterVal software for the in-house method validation. The UHPLC-q-Orbitrap method was validated over three days at level of 50 % of maximum residue limit set in the European Union [4] . The results of validation studies for both methods are summarised in Table II. The experiments on the spiked samples of biota showed that the average recoveries of the UHPLC-q-Orbitrap method ranged from 85 % to 110 %, which is in a good agreement with requirements of EU guidelines [4] . In case of UHPLC-QqQ-MS/MS the values are in the range from 80 % to 117 %, similarly to those obtained by the UHPLC-q-Orbitrap-HRMS method with exception of difloxacine, tetracycline and oxytetracycline with the mean values of recovery reaching 116 % to 117 %, which are out of the profile, but at a sufficient level.
The precision of elaborated methods was evaluated in relation to inter-day repeatability and intra-day reproducibility over the three-day period. The coefficients of variation of repeatability are in the range from 8.9 % to 16 %. In case of UHPLC-QqQ-MS/MS, it demonstrated better precision (< 15 %) and accuracy; however, this technique has a limitation related to the maximum number of compounds which could be included into the scope of analysis.
Thus, the elaborated UHPLC-Orbitrap-HRMS method was chosen as more advantageous for the target assessment and was applied for the analysis of biota samples.
C. Concentration Levels of Determined Antibiotic Residues
The elaborated Orbitrap-HRMS method was applied to the analysis of 10 fish samples that originated from the Latvian market. The concentration levels of all analysed compounds were assessed in accordance to the validation parameters of elaborated methods. No traces of a major part of target compounds (25 antibiotics) were found in analysed samples. Meanwhile, the analytical signals of 2 compounds (tetracycline and sulfamethiazole) were found at rather low levels in one sample of farmed fish. However, the calculated concentrations of target compounds were significantly below the validated level and, therefore, the presence of these pharmaceutical compounds could not be regarded as confirmed in accordance to strict requirements of the European Union. Taking into account the wide application of tetracycline and sulphanilamide class compounds in veterinary and human therapy and their wide occurrence in biological samples and environmental objects, further development of reliable analytical techniques has an utmost importance in control of pharmaceutical residues in water ecosystems by using biota samples [21] , [22] . While real concentration levels of residues are low, their presence should be taken into account and monitoring research programs should be implemented.
IV. CONCLUSION
A sensitive, rapid and reliable multi-class method based on UHPLC-q-Orbitrap-HRMS technique was elaborated for the identification and quantification of 26 compounds from different groups of antibiotics (sulfonamides, macrolides, tetracyclines, aminoglycosides, penicillins and quinolones) in biota samples for assessment of pharmaceutical residue contamination levels in water ecosystems.
The adjusted novel sample purification procedure was applied to the biota sample using Phree TM phospholipid removal columns -that showed an excellent performance in achievement of the method selectivity. Validation experiments on spiked samples showed that the average recoveries of elaborated UHPLC-qOrbitrap-HRMS method were at acceptable level and ranged from 80 % to 112 %, and coefficients of variation were in the range from 8 % to 15 %. While UHPLC-QqQ-MS/MS demonstrated better precision (< 15 %), this technique has a limitation related to selectivity of detection and the maximum number of compounds, which could be included into the scope of analysis.
The developed UHPLC-q-Orbitrap-HRMS methodology was applied to determine antibiotics residues in 10 fish samples from Latvia. It demonstrated very low occurrence of pharmaceutical compounds -levels of all antibiotics were under the validated levels of detection.
